The transport of wood material in rivers has been the subject of various studies in recent years. Most research has focused on the ecological and geomorphologic role of wood, its recruitment processes and spatial distribution in streams. In this study, we focused on wood transport dynamics, and we have developed a numerical model to simulate wood transport coupled with a two-dimensional (2D) hydrodynamic model. For this purpose, wood drag forces were incorporated as additional source terms into the shallow water equations, which are solved together with wood transport by using the finite volume method. This new tool has been implemented as a computational module into 'Iber', a 2D hydraulic simulation software. The new module analyzes the initial motion threshold of wood based on the balance of forces involved in the wood's movement, and computes the position and velocity of differently shaped logs using a kinematic approach. The method also considers the interaction between the logs themselves and between the logs and the channel walls or boundaries.
In spite of these important consequences of wood in fluvial corridors on stream hydraulics, morphology and sediment transport, its dynamics and effects were barely considered by researchers until the 1980s, and to date knowledge of woody material transport processes is still lim- In addition, a discussion of potential applications and use in real rivers are also provided, followed by the conclusions. In order to incorporate wood transport into the model, wood and boundary conditions are first established. Therefore, flow conditions exert an influence on the logs but there is also an opposite effect, as the presence of logs will affect the flow. Braudrick & Grant () proposed a theoretical method to attach the rootwad to a log using a disk on the cylinder ends. The authors expect to overcome this limitation in future developments.
DESCRIPTION OF THE NUMERICAL MODEL

Log incipient motion and velocity
In order to determine wood entrainment, our model governing (Figure 1(a) ).
Log velocity, considered as a two-dimensional vector in the horizontal plane, is calculated for each time step.
The gravitational force F g À Á acting on the log is equal to the effective weight of the log F w ð Þ in the downstream direction, and is equal to:
where L w is the piece length, ρ w and ρ are the wood and water densities, respectively, α is the angle of the channel bed in the direction of the flow, g is gravity, A w is the area of the log perpendicular to the piece length:
and A sub is the submerged area of the log perpendicular to piece length. A sub is a function of the log draft y ð Þ and piece diameter D w ð Þ, which for a right-circular cylinder resolves to:
(3) and the projected log area:
where θ is the angle of the piece relative to flow, with θ ¼ 0 W when the log is parallel to flow, and h is the flow depth.
The friction force F f À Á acting in the contrary direction to the flow is equal to the normal force (F n ¼ F w Á cos α) acting on the log times, the coefficient of friction between the wood and the bed:
where μ bed is the coefficient of friction between the wood and the bed.
The drag force F d ð Þ, also in the flow direction, is the downstream drag exerted on the log and is equal to:
where U is the water velocity, U log is the component of the The combination of the last three equations yields the force balance at incipient motion for a circular cylinder lying on the river bed:
where h is the water depth. Thus, the velocity corresponding
the movement of the wood element (the incipient motion), is determined by:
We followed the nomenclature proposed by Mazzorana et al. (a), with some modifications. These authors used the average flow velocity U ð Þ as the reference velocity for the moving woody material for a wide range of flow conditions. Then the velocity for a moving log U log À Á is
where C Ã is a transport inhibition parameter, which is equal to 0 when the wood material element is floating, C Ã is equal to 1 when a resting condition is imposed on the wood material, and C Ã ¼ 1 À h=D w if the transport regime is either sliding or rolling.
Since the developed numerical model calculates the 
Then, substituting C Ã in Equation (9)
Given these results and based on log density, log diameter and water depth, four main scenarios can be distinguished and related to the transport regimes: (i) scenario A, the log density is assumed to be greater than the water density, and the water depth is lower than the log diameter and equal to the submerged log diameter. In this situation, if U lim ! U the resting condition is imposed on the log, and if U lim < U the log will move, sliding with velocity
when the log density is greater than the water density and the water depth is higher than the log diameter and higher than the submerged log diameter, i.e. the log is completely submerged, then again if U lim < U the log will move and slide, otherwise it will not.
The velocity for a moving log is
(iii) scenario C: when the log density is equal to or lower than the flow density and the water depth is higher than the log diameter and higher than the submerged log diameter, then the log will float (U lim ¼ 0 and U log ¼ U) and will be transported with a velocity equal to the flow velocity, except in the case of interaction with other logs or channel walls; (iv) scenario D, the log density is equal to or lower than the flow density and the water depth is lower than the log diameter and equal to the submerged log diameter, then U lim is calculated in the same way as in scenario A.
As well as sliding, a piece may also move by rolling (Bocchiola et al. ) in scenarios A, B and D, but the movement forces involved in this case are beyond the scope of this study. Here the focus was on validating the floating regime, since dry wood generally has a specific gravity less than water and therefore readily floats (Montgomery ). However, the model is able to simulate the transport of a submerged or saturated log through sliding transport regime using Equations (11) and (12). In any case, once the log velocity in the flow direction U log has been calculated, the log position, or position of the log center
Apart from the translatory movement described, logs turn driven by the velocity distribution across the flow section. If one end of the piece of wood is moving faster than the other, the piece rotates towards a more flow-parallel orientation. Since the velocity field still varies across the piece, the piece continues to rotate towards a flow-parallel orientation until it reaches a stable orientation. To simulate these changes in orientation, the velocities at each end of every log are obtained from the flow model. Depending on the mesh size with respect to the log size, one log can be contained in a single mesh element (finite volume) or in more than one. The flow velocity at each end (1 or 2) of the log v 1;2 ¼ v 1 ; v 2 ð Þ 1;2 is calculated from the flow velocity at the log center v, the flow velocity gradients and the relative position of the log ends x 1;2 ¼ x 1;2 1 ; x 1;2 2 with respect to the log center position x v 1;2
From the velocity values at the log ends, it is possible to obtain the new value of log orientation at every time step
where:
Effect of wood transport on water flow
The influence of wood on hydrodynamics has been well described, e.g. as Gippel () 
τ wood,i is the shear stress at every finite volume, or mesh element, i, F d the drag force vector obtained with Equation (6), and A i the volume of the 2D finite volume, or area of mesh element, i.
Log interactions
The interactions between the logs and the channel walls or boundaries, and among the logs themselves, have been taken into account in the model by means of changes in log velocity due to contact with the banks or with other pieces, but the effect of branches or roots has been ignored in this work.
If one moving piece of wood meets another piece (floating or resting), the two may collide and continue moving at a different velocity (Figure 1(b) ). This new velocity or final
where
is the velocity of the mass center of the colliding logs, e is the restitution coefficient (equal to 1 assuming elastic interaction) and m i and m j are the log masses.
When a piece of wood reaches a bank, it can be entrapped and anchored. In the first case, if the log is anchored (Figure 1(c) ), the driving forces decrease due to the reduction of the submerged area, but the resisting forcesare still active around the log, therefore the initial motion condition is re-calculated from these new conditions
where L wet w is the length of the log inside the river channel. In the second case, if the log hits a bank or boundary (like in this case a flume wall), the log trajectory and velocity may change to a different pattern. According to our observations during the flume experiments, the log movement after touching the wall is depending on the incidence angle (the angle between the log and the boundary). If this incidence angle is lower than a given value σ s (a threshold of σ s ¼ 45 W is assumed in the simulations, but this value can be modified by the modeler) the movement of the log is treated as sliding or gliding parallel to the wall. On the other hand, if the incidence angle is higher, the log bounces off and changes its trajectory suddenly (Figure 1(d) ).
Although this behavior is more complex in real rivers, the developed model used a simplified approach to detect a bouncing or sliding log. To do this, the log end positions are checked at every time step. If a log end is outside the 2D domain, the angle of the log to the wall is used to decide whether it has bounced or slipped against the wall. In both cases, the log is resituated inside the channel as shown in Figure 2 . In the case of bouncing, the subsequent movement of the log is towards the center of the channel, perpendicular to the channel wall, and of such a value that the log end remaining outside the channel ends up against the channel wall (Figure 2(a) ). In the case of sliding, when a log end is detected to be outside the domain, a rotation is defined with the inside end as the center, and an angle such that the final position of the outside end is on the channel wall (Figure 2(b) ). As we have said, the slip angle σ s must be specified.
Turbulence
Although the flow in river channels is turbulent, for river flows where the geometry is smooth enough and no re-circulation zones appear, roughness acts as the principal factor of vortex stabilization and the inclusion of turbulence models usually has little or no effect on the velocity field (Cea Gómez ). Nevertheless, even in these cases it is important to consider turbulence while modeling the transport of suspended substances or sediments, as dispersion is affected by the turbulent viscosity. Similarly, in mountain rivers, small swirls may appear and disappear with an almost chaotic movement, and this turbulence may affect wood transport. 'Iber' includes several turbulence models (constant viscosity coefficient, parabolic, mixing length and k-ε), but when considering the influence of turbulence on wood transport, the Rastogi-Rodi k-ε model (Rastogi & Rodi ) has been used, as, of the above, it is the only one that can give information on the magnitude of turbulent kinetic energy. For wood transport, the k-ε model has been used to recalculate the flow velocity used to calculate wood velocity.
Fluctuations in turbulent velocity can be calculated from the values of turbulent kinetic energy k and a random number λ
Using this approach, the wood velocity is then calculated using the reconstructed instantaneous water velocity (11) Round white beech, wooden dowels were used to represent LW pieces in the laboratory. Different scenarios were considered using five sizes of dowels, three different initial dowel densities, three different initial orientations and five different channel geometries. The different The velocity values resulting from Vectrino measurements are an average of many velocity estimates ('pings').
The uncertainty of each ping is dominated by short-term error, which depends on the size of the transmit pulse and the measurement volume; it is typically a fraction of 1 cm s -1 (or ±0.5% of the measured value). The calibration of the velocimeter and data recording was managed using Vectrino Plus software (User Guide 2009) and the raw data obtained was processed and filtered using WinADV software (Wahl ).
All flume runs were video recorded using a wide-angledigital camera installed above the flume to obtain a perpendicular overhead view. The video frames covered the entire flume and were recorded at a rate of 30 frames per second.
The code first extracts the video frames. Each frame is a color image where pixels color is determined by a given combination of red, green and blue intensities ranging between 0 and 255. Figure 4(a) shows the decomposition of one of the video frames into its red, green and blue components. This combination depends on the log color and is chosen so that the log pixels take higher values than the water surface ones in the resulting image. Then, a template of the log length and width is shifted on the just computed channel around the coordinates of the known log center at the preceding frame, using a range of different orientations around the known preceding orientation. These center coordinates and orientation angle are stored and used as initial conditions to search for the log location in the next frame.
Once the log center and orientation have been deter- Figure 5 ); the flow velocity has a correlation coefficient of 0.91 (R 2 ¼ 0.84). We attribute deviations mostly to the 3D effect in the flow, which cannot be simulated by the 2D model.
As described above, four different geometries were used to obtain different flow conditions (Table 1) .
Log motion
The first verification tests were carried out to check the accuracy of the simulation in describing log motion, including both translation and rotation. Various logs were placed in the flume with different orientations as described above.
As expected, logs placed parallel to the flow direction continued to move with this orientation following the maximum velocity line; however, logs initially placed oblique (45 W ) or perpendicular (90 W ) to the main flow direction turned until they attained the same orientation as in the previous case ( Figure 6 ).
The same behavior was observed during the flume experiments.
As model results, wood transport can be computed together with common variables such as depth, velocity, Froude number and, if the k-e model is used, turbulent viscosity. Figure 7 shows an example of model outputs for simulations of geometry 1 and a single log type 2.
The numerical results for model log positions, trajectories and log velocities were first visually compared with Table 2 .
In general, for all flume geometries no significance differences were found between observed and simulated log position (Figure 9 ), trajectories and velocities (p-value < 0.05). The correlation coefficient was in all cases >0.7, the mean error ranged up to 0.09, and the root mean squared error ranged up to 0.2 m.
Some peculiarities in flow field and log transport were observed due to the various flume geometries and log types analysed ( Figure 10 ).
Flume geometries 1 and 3 present similar water depth conditions although discharge, velocity field and constrictions were different; geometries 2 and 4 present higher water depth variations (difference between inlet or maximum, and outlet or minimum; see Table 1 ). The highest depth gradient was observed in geometry 2, as well as the largest recirculation areas besides obstacles. Geometry 3 presents the lowest values for flow velocities and geometry 4 the highest. These flow configurations influenced on the log transport. For flume geometries 1 and 3, logs were following the same path (maximum velocity line) with almost no interactions with walls and obstacles or recirculation zones; while for flume geometry 2 logs were more often entering into these eddy areas. This is true for log types 1, 2, 3 and 4; however, we also found differences in log were interacting more frequently with the flume walls and obstacles, but the model was able to simulate most of them. On the other hand, shorter pieces (log type 1) were more easily entrapped in recirculation zones behind obstacles, and this was difficult to reproduce perfectly with the model, although it can be simulated. However, the validation in these cases was tricky due to the complex trajectories followed by the logs.
Influence of wood transport on the flow
One significant effect of wood on stream hydrodynamics is the backwater effect due to clogging. Flume configuration 4 allowed us to test this effect.
Log types 1, 2, 3 and 5 were mostly no blockage probability; however, log type 4 showed an approximately 90% blockage probability. Although the flume width is 60 cm and log length 50 cm, the effective width between piers is just 30 cm. When one or more of these long logs is entrapped between the piers, the blockage probability of the other log types increased rapidly. In those cases, log types 2, 3 and 5 were the most easily entrapped.
As Figure 11 shows, the piers blockage due to LW affected water depths, velocities and discharge distribution. 
Log interactions
The model, as described above, can simulate interactions between logs and the channel configuration and between the logs themselves. Figure 12 shows an example of a log moving in the flow and another log colliding with it; both logs change their trajectory.
If logs show geometries that are more complex (with roots or branches), some other interactions can happen, or interacted logs can continue moving together after collision. The model is not able to simulate these effects so far.
Effect of the turbulence model
When the k-ε model is not used, the simulated flow patterns change, and the flume flow is represented less precisely. We see that if the turbulence model is not used, the velocity is higher and logs therefore move faster, increasing the error in log position with respect to the observations (Figure 13 ).
As explained above, log velocity is calculated from the flow velocity and the transport inhibition parameter.
Wood and flow velocities are very similar (correlation coef- 
DISCUSSION
An existing 2D hydrodynamic numerical model has been modified to simulate wood transport. The model has been tested and validated using flume experiments. There follows below a description of the limitations of the method, enhancements with respect to previous works, the main challenges encountered when developing the method and potential uses and applications.
Model implications and limitations
The numerical model developed to simulate the transport of wood together with hydrodynamics represents a potential were observed between the simulations and the experience.
These deviations conditioned the reproduction of log transport. In general, for all flume geometries and log types, no significance differences were found between observed and simulated log position, trajectories and velocities (p-value <0.05). The correlation coefficient was in all cases >0.7.
There are several reasons for these differences between the observations and the simulations. One is that a twodimensional model cannot reproduce the 3D effects. Another reason is that when collecting data with the Vectrino, the equipment has to be submerged a few centimeters in the flow and the near-surface velocity fields (responsible for the wood velocities and trajectories) could not be measured.
The highest differences were observed near the flume outlet, where there was a sharp-crested weir. This lower accuracy could be due to the 3D effects that can occur near the weir wall. The third reason can be related to the post process of the videos. The used code detects the log and computes its center, and orientation on each frame. Once the log center has been determined, the spatial image coordinates are transformed into x and y flume coordinates. Some bias can be related to this latter process.
However, despite these deviations a good correlation was found for all geometries (correlation coefficient >0.8).
Wood motion is also affected by flow turbulence. The developed method is able to incorporate this effect into the simulations to some degree. When turbulence is computed, the model recalculates instantaneous log velocity using the instantaneous flow velocity reconstructed from the computed showing the places prone to top form woody jams, validated by direct observations in the field.
Potential applications
Flood inundation modeling is one of the most common applications of depth-averaged shallow water models and this may be the main direct application of the method presented in this paper. In relation to flood hazard analysis, the main problem is the clogging of critical sections such as bridges. The simulation of LW transport at critical stream geometry configurations may therefore be of interest.
In terms of drift entrainment and transport, the effects of blockage due to LW accumulations at river bridges may be Although notable simplifications were adopted for the development of the presented tool and further work is needed to better simulate the complexity of wood transport in natural watercourses, this model constitutes at present a first attempt to incorporate wood transport in twodimensional hydrodynamic simulation. Our efforts are motivated at least in part by a desire to improve scientific understanding of wood dynamics in rivers; this numerical model primarily was intended to allow realistic virtual simulations, not only in the laboratory but also in real rivers.
Further research will allow the model to be improved and tested in different environments and for different purposes, as we think this can be a useful tool in the field of fluvial geomorphology and related branches.
